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Abstract

The metal-salen complexes (metal =Mn, Cr, Fe, Ru, Co, V and Ti) find widespread use as efficient catalysts for the selective oxygenation
of organic sulfides, sulfoxides and aromatic amines. The active oxidant can be generated from the metal-salen ion usin®RtHO, H
BuO,H and CIO as the oxygen source. The catalytic activity of these complexes can be finely tuned by introducing substituents in the 3-
and 5-positions of the salen ligand. As far as Cr(V) oxidation of amine is concerned, the addition of donor ligand is indispensable to get
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the oxygenated product. In the absence of donor ligand, oligomerization is a predominant process. Organic sulfoxides perform dual role a
substrates and as donor ligand. This review summarizes recent studies on the metal-salen ion catalysed oxygenation of heteroatom contain
organic compounds, in particular, those incorporating sulfur and nitrogen.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction transfer agent, whereas in epoxide ring opening, it plays a
dual role, serving both as a Lewis acid to activate the epox-

The selective oxygenation of organic compounds catal- ide and as a counterion for the nucleophile. This mechanistic
ysed by transition metal ions is one of the most productive insight serves as an inspiration for the development of cyclic
and elegant techniques for the oxo functionalization of or- oligomeric salen complexes that display dramatic reactiv-
ganic substrated,2]. For this transformation to take place, ity and higher enantioselectivity relative to their monomeric
the catalyst must be designed in such a way to avoid the counterpart$13,28]

Fenton chemistry that occurs when metal ions such as fer- The key problems that the studies of the catalytic reac-
rous or ferric ion interact with oxidants to produce radical tion cycle need to address are: (a) the nature of the oxygen-
specieq3,4]. Clearly, the metal ion should generate a type transferring species; (b) the mechanism of oxygen transfer
of reactive intermediate that is very reactive, but more selec- to the organic substrate; (c) the highly efficient stereochem-
tive than the reactive intermediates of Fenton systems. It isical communication between catalyst and substrate; and (d)
broadly recognized that one such possible intermediate is atuning the catalytic activity of metal-ligand system. In this
terminal metal-oxo, metal-peroxo and bridging oxo complex respect, metal-salen complexes have several advantages and
of various types. The terminal oxo complex can arise when these have been outlined in recent repft6s-32]

a single catalytic metal ion abstracts an oxygen atom from  Though many groups have extensively used these
an oxygen source making two-electron oxidized metal-oxo metal-salen complexes for the epoxidation reaction
species. [5-11,19-22,29,33-38hd reasonably reviewgs-11], em-

In the last decade, salen ligand [salen=1,6-bis(2- ployment of these catalysts for the oxidation of organic sub-
hydroxyphenyl)-2,5-diazahexa-1,5-diene] and its derivatives strates containing heteroatoms like S, N and P is limited. In
have received more attention, mainly because of their ex- the past decade, our group has concentrated on the utilization
tensive applications in the fields of synthesis and catalysis of metal-salen complexes (Cr, Mn, Fe and Ru) as catalysts
[5-10]. This attention is still growing, a considerable research for the oxygenation of heteroatorf20—32,40—44] The im-
effort is devoted to the synthesis of modified and supported portant observations from our laboratory and others on the
reagents for catalysis and materials chemiflfy-14] Due metal—-salen ion catalysed oxygenation of heteroatom con-
to the structural rigidity combined with the ease of prepara- taining organic compounds particularly S and N are briefly
tion and derivatization of salen ligand, it is an attractive scaf- reviewed in this article.
fold for the development of bifunctional complexdsl,15]

Salen ligands bind metal ions through four atoms, two nitro-

gen and two oxygen atoms. This tetradentate-binding motifis 2. Active oxidizing species

reminiscent of the porphyrin framework in the heme-based

oxidative enzyme$16—18] Nonetheless, salen derivatives An essential feature for understanding the mechanism of
are more easily synthesized than porphyrins and their struc-the oxygenation reaction is the electronic structure of the ac-
tures are more easily manipulated to create an asymmetrictive species and how it is affected by the nature of the oxygen
environment around the active metal site. A breakthrough source, substituents in the ligand, medium of the reaction
has been the introduction of chiral manganese—salen catalysand by coordination of axial ligands. Indeed, knowledge of
by the groups of Jacobsen and Katsuki, particularly, for the electronic structure of the active species is decisive for un-
epoxidation of alkenefb,6,19-22] The Jacobsen—Katsuki derstanding the nature of the terminaH@ bond and its
reaction is universally accepted as one of the most usefulreactivity[45].

and widely applicable methods for the epoxidation of un-

functionalized olefins. Chromium and cobalt complexes of 2.1. Iron and ruthenium

the same ligand framework catalyse highly enantioselective

ring opening reactions of epoxides by a variety of different  Iron plays a unigue role in biological systems, as en-
nucleophileg23,24] Researchers anticipated that the mech- zymes containing iron are of crucial importance in elec-
anisms of epoxidation and epoxide ring opening to be sim- tron transfer reactions and in the activation and transport of
ilar [25]. However, subsequent investigations revealed that small molecules, such as molecular oxyd#&6-18,46,47]

the catalyst functions very dissimilarly in the two processes Despite the similarity between the porphyrin and salen, so
[26,27] In epoxidation, the catalyst serves simply as an oxo- far less attention has been paid on the catalytic role of
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iron(lll)—salen complexes in contrast to the widespread inter- where the active species in oxidation reaction is believed
est in iron(lll)—porphyrin catalysed oxygenation of organic to be the metal-oxo compound, the cationic oxo species

substrates containing heteroatojh®,16—18] [(salen)Mn(V)(O)I has been postulated to be the active
The iron(lll)—salen complexes are likely to mimic the oxidant [40-42,59-62] This has been supported by the
oxygenase activity of enzymes like cytochrome P-{4H]. characterization of the [(salen)Cr(V)(O)lon [19] and of

The oxo(salen)iron complexes generated fromiron(lll)—salen the isoelectronic [(salen)Mn(V)(N)1]. Although claims
complexes and PhlO are characterized by UV—vis, resonanceof detecting [(salen)Mn(V)(OJ] species have been made
Raman (RR), EPR and ESIMS spectral techniques. The par-recently by 'H NMR [63] and ESIMS[64—67] spectral

ent iron(lll)—salen complex shows characteristic absorption methods, both have deficiencies. Furthermore, several re-
at Amax=470 nm. The formation of oxo iron complex is in- search teams recently paid attention to the transformation
ferred from the following experimental observations: (i) the of the cationic [(salen)Mn(V)(O}] to the neutral species
dark colour of the iron(lll)—salen solution fades upon the [(salen)Mn(IV)(O)] in the absence of substr§®8,69] The
addition of PhlO; and (i) there is a substantial decrease in species [(salen)Mn(IV)(O)] exhibits characteristic ESR spec-
the absorbance and a shift in thgax value. Resonance Ra- trum and oxidizes olefins via a stepwise radical mechanism.
man spectra of iron(lll)—salen and oxo(salen)iron complexes Although the build up of [(salen)Mn(IV)(O)] in the pres-
are recorded at room temperature using excitation at 488 nmence of substrate is unlikely, such species could certainly
(ArO~ — Fe CT transition). For the parent salen complex play a principal role at high conversion and with rigid sub-
[Fe! (salen)] and its oxo complex [©F€V (salen)?*, the strates. In addition to monomeric species, several dimers
strongest RR bands are in the region between 1000 andsuch as Mn(lll)Mn(IV) and Mn(IV)Mn(IV) have been re-
1700 cnt!, which includes the internal ring modes of the ported to be involved in the reaction as wigiB,65-67,70]
phenolate ligands as well as the-O stretching vibrations.  Thus, a number of species besides [(salen)Mn(V){O)]
An interesting observation in the RR spectrum of the iron- ion could form in the reaction conditions and should be
oxo complex compared to the iron(lll)-salen complex is taken into account in the interpretation of experimental
that a dramatic decrease is observed in the intensities of alldata. Till now, no structural information is experimentally
modes in the range of 1300, 1400 and 1600¢nin the available for [(salen)Mn(V)(O)] ion, while an estimate of
case of F¥ —porphyrin complexes, the reduced intensity has its geometry has been obtained from the X-ray data of
been attributed to the formation of porphytincation rad- [(salen)Cr(V)(0)f [19] and [(salen)Mn(V)(N)]61]. In elu-

ical [18]. In addition to the above bands, a weak low fre- cidating the geometric and electronic structures of the tran-
quency band at 839 cr is observed for the iron-oxo com-  sient intermediates, one of the best approaches is the quan-
plex. Itis interesting to note that the low frequency spectrum tum mechanical calculation. Recently, several density func-
of [O=F€&V (TMP)]** (TMP = tetramethylporphyrin) exhibits  tional studies on the geometric and electronic structures
a polarizedv(Fe=0) mode at 835cmt. The decrease in  of the complex [(salen)Mn(V)(OJ] have been published
intensity of all peaks in the range 1300-1700¢nhas [33,50-52,71-75]

been taken as evidence for the formation of ligand cation  In our studies, the formation of oxo(salen)manganese(V)
radical. Thus, on the basis of the RR and UV-vis spec- species from [(salen)Mh]* and PhIO is associated with
tral study, the oxo(salen)iron complex is represented asthe following two changes: (i) the light brown colour gets
[O=FéV (salen}*]*. The ESIMS study also supports the darkened; and (i) the characteristic peak of Mn(lll)-salen
formation of oxo(salen)iron ion but the chloride ion is de- ion atimax=350 nm disappears and a new absorption band
tached from coordination site when oxo complex is gener- with Amax=530 nm appears. The new absorption band with
ated from [F&'(salen)[ and PhIO[48,49] Similar char- Amax=530nm has been assigned jisoxomanganese(lV)
acteristics have been observed for oxo(salen)ruthenium iondimer, which is in equilibrium with Mn(lll) and Mn(V) ions

[42]. (Eq.(2)):
2.2. Manganese [O=MnV(saIen)T+[Mn"'(salen)T
The discovery of Kochi-Jacobsen—Katsuki (KJK) cata- = L(salen)Mri¥ OMn" (salen)f* ()

lyst for the epoxidation of olefins with a variety of oxidants

provided a remarkably versatile and highly enantioselective However, MY and MrdY species are spectroscopi-
method in organic synthesj§-11,19-22,29,34-39,50-56] cally indistinguishable. The disproportionation of the
The KJK system is superior to its porphyrin analogues and p-oxo(salen)manganese(lV) dimer back to the active
has attracted considerable pursuit in mimicking cytochrome oxo(salen)manganese(V) in Eql) clearly indicates
P-450. Numerous experimental studies have demonstratedhat the p-oxodimer merely serves as an alterna-
that [(salen)]Mn(llI)]"-derived species can easily oxidize tive source of oxo(salen)manganese(V) ion. Thus,
alkenes and sulfides, while the nature and identity of the oxo(salen)manganese(V) ion behaves solely as the ox-
reactive species still need to be elucida{®@-58] On idant for the oxidation of organic substrates in our study
the basis of the similarity to their porphyrin analogues, when PhlO is the oxygen source.
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Apart from PhlO, HO, and ~OCI have also been used

as oxygen sourceptl,44,57] Reaction of oxygen atom

transfer from HO, and alkyl hydroperoxides is generally

slow and often complicated by radical chain reactift.

In previous reports of metal complexes catalysed oxidation

studies with peroxides, metal-oxo, and metal-peroxo and in

Chemistry Reviews 249 (2005) 1249-1268

963 cn1 ! upon isotopic substitution witfO. Furthermore,
the presence of'delectron characteristic of a chromium(V)
complex is indicated both by the magnetic susceptibility
of 1.85ug and an isotropic ESR spectrum showing well-
resolved nitrogergly = 2.15 G) and chromiunaf = 19.35 G,

| = 3/2 for®3Cr in 9.55% natural abundance) splitting centred

some cases, metal-independent peroxo or peroxy radicalsat (g) =1.978 at 25C [19,31,32]

have been proposed as reactive intermedifi@s Man-
ganese complexes, among a set of metal complexes con
taining the same ligand, behave peculiarly by not prefer-
ring the metal-independent reactive species in oxidation re-
actions catalysed by thefii7]. The fact that the metal de-
rived oxidizing species is established by the changes in
the reaction rate with respect to changes in electronic and
steric environment of the Mn(lll)-salen complexes (vide
infra). The development of a new absorption band with
Amax~ 420 nm on mixing HO, with Mn(lll)-salen com-
plex and the subsequent decay of this band on adding or-
ganic sulfide indicates that this new species haxjpgvalue

at 420 nm might be the species responsible for the oxida-
tion. The absence of a bandJatax~ 530 nm, which is ob-
served in the Mn(lll)—salen/PhlO system, clearly shows that
the oxidizing species here is not oxo(salen)manganese(V)
ion. By comparing the spectral observations with earlier re-
ports, it is concluded that the active species responsible for
the oxidation is probably a manganese(lll) hydroperoxide
species, [(salen)MhOOH] and its formation is expressed in

Eq.(2):
[(salen)MA" |+ 4+ H202 + H2

0 — [(salen)Mr" OOH] + H30O* 2)

A similar [Mn"" OOH] complex as an active species has been
postulated in the [(TPP)MHCI] catalysed epoxidation of
olefins with O, [78]. When~OCI is used as he oxidant
the formation of a peak with absorption maximum at 530 nm
is taken as the spectral evidence for [(salen)Mn(V){@§

the active oxidizing specid44].

2.3. Chromium

As far as chromium—salen complexes are concerned,
the Cr(lll)-salen ion is readily converted to the cor-
responding oxochromium(V) species by iodosylbenzene
under the reaction conditions of the catalytic process
[11,19,29,31,32,35-37,43]The oxochromium(V) ion has
been isolated as a single crystal suitable for X-ray crystal-
lography from the treatment of chromium(lll)-salen com-
plex and PhlO, followed by precipitation with diethyl ether
and recrystallization from a mixture of acetonitrile and
chlorobenzengl9]. The ORTEP diagram clearly shows the
presence of the oxo functionality on the chromium cen-
tre displaced~0.5A above the mean salen plane to de-
scribe a roughly square-pyramidal coordinatid®]. The
oxo-chromium functionality is characterized by an infrared
absorption (stretch) at 1003 crh which is displaced to

2.4. Titanium

Oxo(salen)titanium ion has been generated using hy-
drogen peroxide as a terminal oxidajn9,80] The X-
ray diffraction analysis made on the complex formed from
titanium—salen and hydrogen peroxide showsss3 struc-
ture corresponding to a gi-oxoTi(salen). However, in
methanolic solution, a monomeric Ti(salen) is formed by a
rapid alkoxide switch over and this reacts with hydrogen per-
oxide or urea—hydrogen peroxide (UHP) to give the corre-
sponding peroxo species (E®)):

OMe

R
Hy0,
o

-

/

0]

AN

o MeOH

OMe

3)

2.5. Vanadium

The use of vanadium complexes as oxidants is of unique
interest and early work in this regard opened up new vistas to
use the other transition metal complexes for the said purposes.
The oxo functionality of oxo vanadium complexes take part
in a number of interesting oxo-transfer reactions. Nakajima
and co-worker$81] have reported the preparation and char-
acterization of optically active Schiff base oxo-vanadium(1V)
and oxo-vanadium(V) complexeBi¢s. 1 and Rand studied
their catalytic properties.

3. Redox potentials of metal—-salen complexes

One of the attractive features of salen-based ligand is that
the ligands may be tuned both sterically and electronically
by the variation of corresponding diamines and salicylalde-
hyde ligand precursors. Recent studies carried out by others
[22] and us[30-32,42]revealed that alterations in the elec-
tronic properties of the substituents at the’fbsition of
the catalyst can have profound effect. To quantify the influ-
ence of 5,5substituent on the oxidation reaction, reduction
potentials of metal-salen complexes with electron-donating
and electron-withdrawing groups have been evaluated and
the data are given imable 1
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Table 1
Reduction potential of metal(lll)—salen complexes and oxo(salen)chromium(V) complexes in the presence of electron releasing and withdtauengssub
in the salen ligandl

Iron Ruthenium Manganese Chromium
Complex EreqVs. SCE (V) Complex Ereq vs. SCE (V) Complex EreqVs. SCE (V) Complex Ereq vs. SCE (V)
la —0.28 Ila -0.72 Va —0.45 Villa +0.44
Ib -0.15 Illb —0.66 Vb —0.59 Vb +0.40
Ic —-0.24 lllc —-0.76 Vc —-0.35 Vllic +0.60
le -0.30 lid -0.84 vd —0.08 Viid +0.60
If —0.68 Ville +0.24
Vliih +0.45
Vi +0.61
VIllj +0.22

2 For iron, ruthenium and manganese complexes, the reduction potentials of the couple M(I1)/M(Il) and for chromium complexes the reductits potentia
of the couple M(V)/M(IV) are given.

Only in the case of Cr, the oxo(salen)chromium(V) fects on metal-oxo bond length are typically less pronounced
ion is stable and characterized without any ambiguity. On [82]. An alternate explanation is that the electronic effect
the other hand, oxo-metal ions of Mn, Fe and Ru have on the oxidation derives from alterations in the reactivity of
transient existence. Interestingly, the reduction potentials the metal-oxo intermediate exerted by the substituents on the
of metal(lll)-salen complexes and oxo(salen)chromium(V) catalyst. Electron-donating substituents on the catalyst would
complexes correlate well with the Hammettsconstants be expected to stabilize the high valent metal-oxo interme-
[22,31,32,42] Thus, the systematic variation in the reactiv- diate attenuating its reactivity and then generating a rela-
ity of oxo(salen)metal ions with the change of substituent in tively milder oxidant. Similarly, electron-withdrawing sub-
the salen ligand can be rationalized in terms of redox poten- stituents on the catalyst are expected to destabilize the metal-
tials. oxo intermediate making it a more reactive oxidant. These

From the mechanistic point of view, this significant elec- results of electrochemical studies on cata[&,30-32,84]
tronic effect on the reactivity of oxometal ion may be as- provide credence to this supposition. There is a clear cor-
cribed to any of the several factors. One of the possibilities relation betweer, of the 5,5-substituent and the value of
is that substituents may effect changes in the metal-oxo bondEjy, for the Mn(ll)/Mn(111), Fe(ll)/Fe(lll), Ru(ll)/Ru(lll) and
length in the active species in turn altering the non-bonding Cr(IV)/Cr(V) redox couples. Accurate measurement of the
ligand interactions in the relevant states. However, such ef- redox potentials for higher metal oxidation states in the case

of Mn, Fe and Ru was precluded by the instability of M(IV)
X X and M(V) species under the electrochemical reaction condi-
tions.

In accordance with the Hammond postulate, a milder ox-
idant should lead to an oxygen transfer to substrate via a
more product-like transition state since this conversion in-
volves the encounter of two reactants, which at the origin
of the reaction coordinate do not interact at all. Oxo trans-
fer from a more reactive oxidant, on the other hand, should
proceed via a more reactant-like transition state with greater
spatial separation between substrate and catalyst and con-
sequently poorer differentiation of diastereomeric transition
(1) structures. These postulations have been verified extensively

in the epoxidation reaction but little attempt has been made
on sulfoxidation22].

4. Oxidation of organic sulfur compounds—synthesis
. and mechanism

N N=—
@) X N/ X 4.1. Iron and ruthenium

Figs. 1 and 2. Oxo(salen)vanadium(lV) and oxo(salen)vanadium(V) In recent repor@{§30,49], we have describgd the synthesis
complexes. and characterization of several oxo(salen)iron complexes as
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represented in E¢4):

o)
X X o |l .o X
HI + PhIQ —> N eV + PhI
_N/| \N_ =N | “N=

Ia-f

a: unsubstituted, b: 5,5'-(NO,),, ¢: 5,5'-Cl,
d: 5,5'-(OCHjz),, e: 7,7-(CHs),, f: 3,3',5,5'-(-Bu), (4)

The oxygenation of organic sulfides to sulfoxides with
oxo(salen)iron complexdk —f in CH3CN proceeds through
saturation kinetics implying that the reaction proceeds to —2.92 from the plots of lo§ versusEqy was observed by
through Michaelis—Menten type mechanism (E¢g. and Goto et al[85] and a mechanism for the reaction proceeding
(6)): via direct oxygen transfer was postulat&tiieme L
To check the utility of these oxo(salen)iron complexes
as useful reagents, the percentage yield of sulfoxide formed
from the oxidation of sulfide has been measured. The con-
©) version of sulfide to sulfoxide is efficient and selective and
The electron-donating substituents present in paga depends on the nature of the substituent in the oxidant and
position of the phenyl ring of PhSMe accelerate the rate and substrate that support the proposed mechan&rhdme L
the electron-withdrawing groups decelerate it. Khalues The yields of sulfoxides formed from the selective oxygena-
are analysed in terms of the Hammett equation and the reaction of p-XCgH4-S-CHs with iron—salen complexes are col-
tion constant §) value is in the range 0£0.65 to—1.54 for lected inTable 2
different oxo(salen)iron complexes. The effect of introducing  Six oxo(salen)iron complexedd —f) have also been used
substituent in the salen ligand had the opposite effect on thefor the oxidation of organic sulfoxides which may undergo
rate of oxidation and the value is positive 6= 0.8). either electrophilic or nucleophilic oxidation depending on
The saturation kinetics observed here and low the nature of the oxidaf®6—88] Further, sulfoxides are less
Michaelis—Menten constantiy, values indicate strong powerful nucleophiles compared to organic sulfigB§. To-
binding of substrate with the oxidant. Th&y values are wards oxo(salen)iron complexes, the organic sulfoxides be-
in the range 0.2-1.6 withlb and these values are better have as nucleophiles and are oxidized to the corresponding
than the values observed with HRP and human cytochromesulfones. The kinetic results obtained for the oxidation of
P-450 A» [83,84] The slope values in the range of..70 organic sulfoxides withla—f are very similar to those ob-

oxidant 4+ substrate= complex (5)

complex—k> product

+e
o}

\ |||/ +PhI0 — \” Y

/1IN /| N "

Cl

RSR'

N e —— \|
/| AN /| AN ©

+
RSR' RS R'

+.

\| LIV \| I ‘—> \ "' +RSOR'
/| AN /, AN /| N ©

Cl

Scheme 1. Proposed mechanism for sulfide oxidation by iron—salen complexes.
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Table 2 _ . . by oxo(salen)ruthenium(V) complexes to the correspond-

Yields of sulfoxides formed from the oxygenation @XCgH4-S-CHs in ing sulfoxides. The fractional order dependence and the
H a

CHCN at 298 K by oxo(salen)iron complexets andilb saturation kinetics observed with respect to the substrate

X lla lib indicate reversible complex formation between the oxi-
Reaction Sulfoxide Reaction Sulfoxide dant and the substrate. The rate constants for the decom-
time (min) (%) time (min) (%) position of the oxidant—substrate complex evaluated from

H 120 88 60 100 the Lineweaver—Burk plots correlate better witt/o™~ val-

OMe 90 85 50 100 ues (=0.996, p=—0.60) rather than Hammetts values

Me 120 100 60 100 (r=0.965,0 = —0.99). To account for the spectral and kinetic

F 120 95 60 85 : o

al 120 78 60 25 data, a mechanism similar 8cheme lhas been proposed

Br 120 77 60 68 for the oxo(salen)ruthenium ion oxygenation of organic

COCHs 120 39 60 70 sulfides.

CN 140 41 80 47

NO, 140 49 80 43

a For the details of the structure of oxo(salen)iron complexes, refer Eq. 4-2. Manganese
(4).

The first report on the sulfoxidation reaction using
served for the oxidation of organic sulfides, i.e., the reaction Mn(lll)—salen complexes as catalysts angQd as the ox-
proceeds through Michaelis—Menten kinetics. The reaction idant is from the laboratory of Jacobsen and co-workers
constant §) values are less for organic sulfoxides and are in This group recommended the use ¢f®4 as a terminal oxi-
the range 0f-0.43 to —0.85. Thus, organic sulfoxides are dant to prevent over oxidation to sulfones in the oxidation of
less reactive and less sensitive to the change of substituentsulfides. However, Katsuki and co-work¢és21,58]proved
in the para-position of phenyl ring of PhS(O)Me. Based on that H,O; is not a good terminal oxidant. In all cases, the
these observations, a mechanism similar to the one shown inuse of HO; led to considerably lower chemical yields as
Scheme lhas been postulated for the oxo(salen)iron com- compared with PhlO. After many trials for years, Katsuki’s
plexes oxygenation of organic sulfoxides. group synthesized a complex bearing methoxy group in the

Recently, there has been an upsurge of interest on thesalicylaldehyde part and found that complex showed the re-
redox reactions of ruthenium-oxo complexes with organic markably enhanced asymmetric induction (62% ee) and that
substrate$90]. Owing to the periodic relationship between the ratio of sulfoxide to sulfone was improved to 6.9:1. In
ruthenium and iron, the chemistry of ruthenium porphyrins order to improve the enantioselectivity of sulfoxide, Katsuki
has been subjected to extensive study as models for reactiveind co-workers added donor ligands such as pyridtogide
cytochromes. We have used four oxo(salen)ruthenium(V) (PyO). Surprisingly, all the ligands examined showed the neg-
complexes IVa—d) generated in situ from a series of ative effecton enantioselectivity, though the ratio of sulfoxide
Ru'! (salen)(PP¥) complexes)ila —d and PhIO (Eq(10)) to sulfone was further improved to 4:1 when PyO was used

for the oxidation of organic substrates: [39].
" , Inthe past decade, we have carried out the work on the ox-
[Ru™ (5,5 -Xzsalen)”(laP_Pdﬁ)(CH3CN)] + PhiO idation of organic sulfides and sulfoxides using PhlQQOb

and CIO™ as oxidants and several Mn(lll)-salen complexes
— [O=RuW (5, 5’-X25alen)(PP§1)]+ +Phl+ CH3CN as catalysf40-42,44] It is interesting to point out the differ-
IVa—d (10) ent kinetic features shown by,8, and PhIO/CIO towards
the oxidation of organic sulfides. The Mn(lll)-salen ion
wherea: unsubstitutedy: 5,5-(OCHg); ¢: 5,5-Clp; d: 5,5- catalysed PhlO/CIO oxidation of organic sulfides proceeds
(NO>),.The Ru(lll)-salen and oxo(salen)ruthenium(V) com- by clean second-order kinetics, first order each in the oxi-
plexes have been characterized by UV—vis and IR spec-dant and substrate. In this reaction, oxo(salen)manganese(V)
tral techniques. Organic sulfides are oxidized efficiently ion (V1) is generated by stirring a clear brown solution of
Mn(lll)—salen complexes\) in CHzCN with PhlO/CIO™

(Ea.(12)):

Q N /+@7 +Pth/ClO—> I : + PhI/CI
_N
_N —

Va-f Vla-f

a. X=H, b. X=OCH,, ¢. X=Cl,
d X= NOz, e X= CH_;, fX= C6H5 (11)
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and thep values are always higher with sulfoxides. These data
are in accordance with the Hammond postulate i.e., consistent
with a common §2 mechanism wherein only the position

of the transition state changes from one substrate class to the
next. The more electron-rich sulfides should have an earlier
transition state for interaction with an electrophilic metal-oxo
complex and will thus exhibit less charge on S and a weaker
influence of the substituent, leading to a lowalue. The re-
verse is the case with less nucleophilic substrates, sulfoxides
giving a fairly higherp value. Based on these arguments, a

Scheme 2. Proposed mechanism for manganese—salen catalysed sulfoxidgOmmon mechanism shown 8cheme has been proposed

oxidation.

The logky values of meta and para-substituted phenyl
methyl sulfides vary linearly witlr, giving p values in the
range of—1.4 to—2.1. The negative value gfindicates an

accumulation of positive charge at the sulfur centre, while

the magnitude op value indicates the extent of charge de-

velopment on the sulfur atom in the transition state. Hammet

correlation of logk, versus)  op (Whereoy, is the Hammett
substituent constant for each of thara-substituents in the
salen ligand) shows a linear relationship giving positive
value (o =0.48) indicating the build-up of negative charge

on the metal centre in the transition state. To account for
the spectral and kinetic data, a mechanism involving electron
transfer from the substrate to the oxidant instead of shown in

Scheme has been postulated.
A clear picture on the mechanisif@¢heme Bof the oxy-

for oxo(salen)manganese(V) ion oxygenation of organic sul-
fides and sulfoxides.

A different mechanism3cheme Bis proposed for the ox-
idation of sulfides by HO5 in the presence of Mn(lll)—salen
complexes. The proposed mechanism involves the reversible
formation of an intermediate complex{(between ¢ and

tsulfide. Then the intermediate compleyx Gecomposes to

give (salen)MH' ion and sulfoxide in the rate determining
step. The correlation of ldg of p-XCgHy-S-Me with Ham-
mett's o values shows excellent linearity £ 0.994) yield-

ing a p value of—0.85. The lowp value—0.85 observed in
this reaction may be due to the weak electrophilic charac-
ter of the oxidant () than the oxo(salen)manganese(V) ion
which gives & value of—1.85 in the oxidation of aryl methyl
sulfides.

genation of organic sulfides and sulfoxides emerges from 4.3. Chromium

a comparison of results on organic sulfoxides with those

observed for the oxo(salen)manganese(V) complexes ox- As far as the biological importance of metal ions are con-
idation of organic sulfides. The oxo(salen)manganese(V) cerned, iron and manganese have well developed bioinor-
ion oxygenation of organic sulfoxides follows second-order ganic chemistry46]. On the other hand, still there is debate

kinetics, first order in each reactant similar to the oxi-
dation of organic sulfides. The ldg values show bet-
ter correlation withop (r=0.997,p=—2.44) thano,;“/ag
(r=0.984, p* =—1.54). The electronic effects on the re-
activity of oxo(salen)manganese(V) complexes give a

on the role of chromium whether it is an essential trace el-
ement for mammals or not. Nonetheless, it has been shown
that trivalent chromium (Gr) is actually an essential nutri-
ent, needed for the expression of glucose tolerd@t®2].
Apart from this biological relevance of these’tcomplexes,

value of 0.52. There is an excellent correlation between Cr(lll)—salen complexes have been extensively used as cata-

E° values of the MK/Mn!"" couple andy” o, of the 5,5

lysts for the oxidative transformations of a variety of organic

substituents (slope = 0.24). Thus, the effect of introducing a substrate§11,23,24,31-37]The role of [C}! (salen) as a
5,5-substituent in the salen ligand on the redox potential of bridge between asymmetric catalysis, Lewis acids and redox

the metal-oxo complex is mainly responsible for the sub-

stituent effect on the rate of the oxygenation reaction.
It is surprising that the reactivity of organic sulfides and

processes is projected recently in a feature article by Bandini
et al.[11].

In recent years, we have generated oxo(salen)

sulfoxides towards these Mn(V) complexes is comparable chromium(V) ions Vllla ) from Cr(lll)-salen com-

[(salen)Mn'OOH] + RSR’

Cl
Slow 11

G, ——» [Mn

H + O ——» H,0

111

[(salen)Mn"(OOH)(RSR)] (12)

G,
(salen)]” + RSOR' + OH’ (13)
14

Scheme 3. Proposed mechanism for manganese—salen catalysed sulfide oxidation in the presence of hydrogen peroxide.
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plexes ¥lla—) and PhlO (Eqgs(15) and (16) and used in the k value was observed. This observation rules out the
them for the oxygenation of organic sulfides and sulfoxides formation of CF in the rate-controlling step. The higher re-
in the presence and absence of donor ligands like pyridine activity of diethyl sulfide E1/,=1.65 V) compared to PhSMe
N-oxides, imidazole, et¢31,32,43]

N - -
z z . ,
0
X O\Cr,o Xy phio — | X ol o X| +phI
_N‘ I \N— ¢Cr\
cl —NaNT
v Y ()
% R Y

VIIa, VIIIa: X=H,Y=H,Z =H, R=-CH,-CH, VIIb, VIIIb: X = CH;, Y =H, Z=H, R = -CH,-CH,
Vllc, VIIIe: X =Cl, Y =H, Z=H, R=-CH,-CH, VIId, VIIId: X =Br, Y =H,Z=H, R =-CH,-CH,
Vlle, Vllle: X =-Bu, Y =H, Z = -Bu, R = -CH,-CH, VIIf, VIIIf: X=H, Y = CH;, Z =H, R =-CH,-CH,

Vllg, Vlllg: X=H, Y =H,Z =H, R=-CH,-CH,-CH, VIlh, VIIIh: X=H,Y=H,Z=H, R=-C(H, (15)
z z " z z +
0
* % |+ phio—[X 00 Xl +phi
S el
X C's‘N N ol
Y <‘:> Y Y 2 > '
VI, VIIIi: X=Z=H VIIj, VIIIj: X =Z =¢- Bu (16)

The oxygenation of organic sulfides withlla - is overall

substrate. Kinetic studies in differentratios of solventsystems yechanism. Thus, a mechanism involving the electrophilic

(CH3CN-H0) revealed that the influence of solvent on the attack of oxygen at the sulfur centre of the organic sulfide

rate is substantial; this increase may not only to a change in(scheme Jhas been proposed. However, an electron-transfer
Shifts Amax of [0=Cr"(salen)I" from 560 to 600nm. Thus,  The yields of sulfoxides formed from the selective oxygena-

axial ligand enhancing the rate substantially. are given inTable 3 The transition state of the reaction may
The analysis of kinetic data observed BKCgH4-S-Me be represented as shownfiig. 3.

range—1.14 to—2.72. From the recent literature, itis known  chromium(V) ion oxidation of organic sulfoxides. Interest-
that oxygen atom transfer to organic sulfides from oxo-metal jngly sulfoxides bind with Cr(V) ion and the absorption max-
complexes proceeds generally by two different mechansms,imum'kmax, of Cr(V) ion shifts from 560 to 606 nm and the
single-electron transfer from the substrate to the oxidant andpeak sharpens=(g. 4).

Sn2 mechanisn{93]. However, a twofold mechanism has From these spectral studies, it is realized that DMSO and

been proposed in some oxidation reactif®dg. Inthe present  ary| methyl sulfoxides bind with all Cr(V)—salen complexes.
study, the nucleophilic attack of sulfide on the Cr centre may

be excluded, as it is difficult to explain the formation of sul-

foxide from such a formulation. The coordination of the sub- +
strate to the metal is not significant, which is evident from R
the following observations: (i) When the substrate is added [(salen) Cr'=o0]" + RSR' Slow (salen) Cr'— 0 — 8,

to [O=CrV(salen)f, there is little change in the absorption \R'

spectrum of the latter. Addition of trichloroacetic acich®

and donor ligands such as imidazole and pyridilkexide to
[O=CIV (salen)f produces a substantial shift in thgay. (ii)

The reaction is clearly first order in the substrate and no satu-
ration kinetics with respect to substrate is observed. When the
reaCtlor? between [&:rv(sglen)T and PhSMe w_as carried Scheme 4. Proposed mechanism for chromium-salen catalysed sulfide ox-
out at different concentration of M no substantial change  igation.

Fast

(salen) Cr'! + RSOR'
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Table 3
Yields of sulfoxides formed from the selective oxygenatiop-ofCgH4-S-CHz with chromium—salen complexeéllla andVlilg - in CH3CN at 298 K¢
X Villa Vilig Villh VIli VIllj
Reaction Sulfoxide  Reaction Sulfoxide  Reaction Sulfoxide  Reaction Sulfoxide Reaction Sulfoxide
time (min) (%) time (min) (%) time (min) (%) time (min) (%) time (min) (%)
H 240 96 150 99 180 82 180 96 300 96
OMe 60 95 25 99 150 92 135 100 180 100
Me 75 93 25 90 160 88 135 98 240 98
F 200 78 120 70 180 65 150 72 300 72
Cl 240 60 150 55 240 68 180 49 320 49
Br 240 61 150 57 240 55 180 52 350 52
COCHg 240 40 150 42 400 59 180 61 380 61
COOH 240 30 150 27 400 51 180 45 380 45

@ For the details of the structure of oxo(salen)chromium(V) complexes, refgigy.

ottt

e

Fig. 3. Transition state for the electrophilic attack of oxygen on electron-rich sulfur represe@eldeme 5The oxo(salen)chromium(V) complex\4llj .

Absorbance

T T T
600 700 800

Wavelength, nm

T
500

Fig. 4. Absorption spectra dfc (4 x 10~* M) in the presence and absence
of LO. (1) In the absence of LO; (2) in the presence of 0.1 M DMSO; (3) in
the presence of 0.001 M Pic NO; (4) in the presence of 0.1M PyO; (5) in the
presence of 0.01M TPPO.

Interestingly, the bound sulfoxides act as donor ligands to
catalyse the oxidation of organic substra{@8]. When
MPSO and DMSO are added to oxo(salen)chromium(V)
ions, a shift in thermax value to the tune 10-60nm is
observed and the OD of Cr(V) ion increases with the in-
crease in [sulfoxide] and it attains the maximum OD at
[MPSO] =0.1 M. This behaviour of oxo(salen)chromium(V)
ion differs from that of oxo(salen)manganese ion toward sul-
foxide. The increase in OD with [sulfoxide] has been uti-
lized to estimate the binding constant of sulfoxides with
oxo(salen)chromium(V) ion and the binding constant val-
ues are in the range 10-150™ From the absorption spec-
trum of Cr(V) ion in the presence of sulfoxide at different
time intervals, it is realized that the oxygenation reaction
takes place after the binding of the substrate to the oxidant.
From these experimental observations, it is proposed that the
first step of the mechanism involves binding of sulfoxides
to the chromium centre of the oxidant. Here, sulfoxide has
a dual role, it acts as a donor ligand as well as a substrate
[97,98] Thus, the real oxidant in the present condition is
the chromium(V)—sulfoxide adduct, which oxygenates the
excess sulfoxide present in the system. Under the present ex-
perimental conditions, although three different modes of ox-
idation may be envisaged, the most probable mechanism is
a bimolecular (outer sphere) electrophilic oxidation carried
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(salen)CrV=O *

K
[(salen)Cr'=0]" +  ArS(O)Me 5
|
Ar—S~Me
Ar
(salen)Cr'=0 |+ K (salen)CI‘uO—SO'\
Me
,O +  Ar(OMe —> o
|
Ar—S~Me Ar—S"Me
fast
(salen)Cr™ +
o +  ArSO,Me
|
Ar/S\M

Scheme 5. Proposed mechanism for sulfoxide oxidation by chromium—salen complexes.

out by oxidant—sulfoxide adduct at a non-ligated sulfoxide
(Scheme & The strong binding of sulfoxide to the Cr centre
weakens the GO bond in the oxo(salen)chromium(V) ion
facilitating oxygen transfer from the oxidant to the substrate
[31].

4.4. Titanium

Saito and KatsuKi79,80]recently reported a highly enan-
tioselective sulfoxidation using gi-oxoTi(salen) complex
in methanol as the catalyst. FABMS ahd NMR spectral
measurements showed that the square planar structure of th
salen ligand is readily changeable to the structure when
a bidentate ligand is coordinated to the titanium ion. The
authors examined the sulfoxidation of MPS withdiexo
complexes of different enantiomeric excesses, which were
prepared by mixingRR)- and §9)-di-p-oxo complex in
methanol Figs. 5 and B From this study, they have con-
cluded that R R)-di--oxo complex in methanol rapidly dis-
sociates into a monomeric Ti(salen) complex and reacts with
H205 to give the corresponding peroxo species which under-
goes sulfoxidationgcheme &

4.5. Vanadium

The oxidation of sulfides to sulfoxides by oxo-
vanadium(IV) and oxo-vanadium(V) complex is almost com-

20 and 409481,99] This reaction has been studied using a
semi-synthetic vanadium peroxidase catalyst by Vande Velde
et al.[100]. The ease of access of the active site of the peroxi-
dase has been explored by comparing the results of oxidation
of a series ofmeta andpara-substituted phenyl methyl sul-
fides as well as ethyl phenyl sulfides. Electron-withdrawing
groups in thg@ara-position of the phenyl ring of PhSMe lower
the rate of oxidation and methyl or methoxy substituents re-
sultin a slight increase in the rate. The results are consistent
with a rate limiting nucleophilic attack of the sulfur atom of
the substrate on an electrophilic peroxo specsehéme Y.
ganadium complexes can also activate molecular oxygen for
oxygenation reactions and they have been described in a pre-
vious repor{81,89,101]

4.6. Other metal ions

Miyazaki and Katsuk[102] studied the asymmetric sul-
foxidation using chiral niobium complexes as catalysts.
They prepared niobium—salen complexes in situ by mixing
equimolar amounts of Nbgldme) and salen ligands. The
sense of asymmetric induction of these complexes is dictated
by the chirality of their diamine unit and the chirality at the bi-
naphthyl unit has a crucial influence on the magnitude of the
asymmetric induction. They have also used niobium—chiral
ligand complexesHigs. 7 and Bas catalysts. @R)-1Xa and
(aR,9-Xa are superior to @ R)-IXb and (& R)-Xb type of

plete and in many cases the optical yield (ee) ranges betweercomplexes.
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H,0
0
1 /OHZ
o V.
i I” ~OOH
L/V‘OH
H,0
H' 0
I 19
V\ /V~ ,+
50 o
H

RS(O)R', H RSR'

Scheme 7. Mechanism for vanadium—salen catalysed sulfide oxidation as
proposed by Vande Velde et §.00].

—N._ produced as intermediates, and the redox system is prone to
S % greater toxicity. We have shown that oxo(salen)chromium(V)
complexes oxidize organic sulfides selectively and the reac-

tBu But tion proceeds through a clean bimolecular electrophilic ox-
idation reaction. Further, the results observed in our study
show that organic sulfoxides have a dual role. When they
©) Bu-t are used as substrates toward oxo(salen)chromium(V) com-
Figs. 5 and 6. RR)-Di-u-titanium—salen and§9)-di-p.-titanium-salen plexes, the sulfoxide b.lnds with Chromlum(V) ion and thl_JS
complexes. operates as a donor ligand. Thus, chromium(V)—sulfoxide
complex has the propensity to act as a catalyst for the ox-
4.7. Comparison of metal complexes’ oxidation of idation of organic substrates. To check the catalytic role of
organic sulfur compounds organic sulfoxides, the kinetics of the reaction between oxo-

(salen)chromium(V) complexes and organic sulfides in the
To get a clear picture on the electrophilicity of the presence of MPSO have also been monitored. These data

oxo(salen)—-metal complexes and the reactivity of these com-show that organic sulfoxide acts as a catalyst for the oxida-
plexes toward biologically important substrates, organic sul- tion of organic sulfides. This catalytic activity of sulfoxides
fides and sulfoxides, we have used four metal ions, Fe, Ru,is similar to the role of PyO and BRO, and data obtained in
Mn and Cr. The metal ions Fe and Ru have similar behaviour. the presence of PyO and 80 are included iffable 4
Chromium ion has a unique role because of its well-known  Further, donor ligands like PyO and §#0 have diminu-
utility in synthesis and its carcinogenicif$03,104] If the tive effect on the oxygenation of organic sulfides with salen
reaction between Cr and organic substrates were to proceedomplexes of Mn and FE80,40-42] However, in the case
through an electron-transfer mechanism, radicals would beof Mn and Fe complexes, sulfoxides act only as substrates.

H,0, MeOH

o Tams Cﬂ\
di-p-oxoTi(salen) ~——» (0 /T > )

OMe
R-S*O-R', H,0  R-S-R,MeOH

Scheme 6. Titanium—salen catalysed sulfoxidation as proposed Katsuki and co-\jiookeo$
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Figs. 7 and 8. Chiral niobium—salen complexes.

sulfides and the reaction constan} ¢btained with the catal-
ysed reaction is always small compared to the uncatalysed
oxidation.

5. Oxidation of organic nitrogen compounds

The oxidation of aromatic amines is complicated by the
operation of several reaction paths. Not only substitution on
nitrogen, but also hydrogen abstraction from nitrogen and
addition of oxygen to carbon may occur. The predominant
product seems to depend as much on the oxidant as on the
structure of amine. Oxidative substitution of primary amines
results in the formation of either hydroxylamines or amine
oxides. Amines may also be oxidized by exclusion of an elec-
tron from the amine substrate by the oxidant thereby forming
radical cations. These radical cations may undergo further
reactions leading to dimer, oligomer and polymers according
to the nature of the substrate. Enzymes such as peroxidases
in the presence of 0, and laccases in the presence of oxy-
gen catalyse the oxidation of anilines through free radical
intermediates, which are known to participate in a variety
of non-enzymatic reactions such as disproportionation, poly-
merization, and electron transfé06]. Oxidative demethyla-
tion of N,N-dimethyl anilines catalysed by peroxidases also
proceeds through ET from the amine to a high valent ox-
ometal species.

5.1. Chromium

Oxo(salen)chromium(V) ions are particularly selective for
the epoxidation and sulfoxidation reactigh$,19,29,31,43]
Realizing the importance oN-oxides, we have used

It is worthwhile to recall that the electronic nature of the sul- oxo(salen)chromium(V) ions for the oxidation of primary,
foxide and its interaction with the metal atom play a key role secondary and tertiary aromatic amines to get the correspond-
in the global stereoselectivity of the sulfoxidation process. It ing N-oxides. Surprisingly, all the three types of aromatic
is known that the over oxidation of sulfoxide to sulfone is amines lead to the formation of oligomers. The secondary
pivotal in enhancing the enantiomeric excess of the sulfoxide and tertiary amines also undergo dealkylation reactions. The

by kinetic resolutior{105]. The data given imable 4show

course of these reactions has been followed by UV-vis, ES-

that all donor ligands catalyse the Cr(V) oxidation of organic IMS and EPR spectral techniques.

Table 4

Rate constants obtained for the oxidation of ¥Hz-S-CHs by oxo(salen)chromium(V) ioRllla in the absence and presence of MPSO, PyO ap@©h

X ko (x103M~1s71)

Without donor ligand With MPSO With PyO With BRO
H 1.314+0.03 953+0.07 3734+0.09 488+0.08
p-OMe 259+0.59 278+0.82 909+1.21 133+1.3
p-Me 1144+0.23 198+ 0.55 385+4+0.89 105+1.1
p-F 158+0.08 751+0.06 1724+0.24 274+0.7
p-Cl 0.934+0.01 533+0.05 104+0.12 185+0.2
p-Br 0.93+0.01 510+0.02 977+0.09 181+0.1
p-COH 0.2440.02 256+0.01 468+ 0.06 733+0.07
p-COCHs 0.16+0.01 224+0.01 469+ 0.05 721+0.05
0 -2.8 -15 -17 -18
r 0.965 0991 Q989 0994

@ For the structure of oxo(salen)chromium(V) compleXfa ), refer Eq.(15).
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Fig. 9. Spectral changes in the oxidatiomefoluidine with oxo(salen)chromium(V). Inset: change in absorbance with time at 560 and 730 nm.

y K B
@NHz + [(salem)Cr'=0]" ONHz + [(salen)Cr'V=0]

1

2

. 4-
<j>7NH2 + [(salen)crV=0] + 2H* ——» QNHZ + [salen)Cr'"T" + H,0

+e
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Scheme 8. Formation of oligomers in oxo(salen)chromium(V) ion oxidation of anilines in acetonitrile.
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Scheme 9. Demethylation reaction mechanism of secondary amines catalysed by oxo(salen)chromium(V) ion.

The spectral change&i). 9 are consistent with clean this, the progress of the reaction has been followed by ES-
conversion of Cr(V) to Cr(lll) with an isosbestic point at IMS technique. The electrospray ionization mass spectra of
518 nm and additional peaks at 470 and 730 nm. the reaction mixture, prepared usiNglla as the oxidant,

These peaks indicate the formation of oligomers of ani- and aniline as the substrate were recorded by direct infusion
lines as the major products of the reaction. To corroborate of the reaction mixture at definite intervals of time (1, 10, 30

\9/ K \9/
/Cr\ + LO —_— /9[\
oL
— 0 — (0]
\in § . N\, /
X /6L XN\ 6L

X/\ / x/\ / \OH
\ + ‘_ \_ = -

Scheme 10. Mechanism for oxo(salen)chromium(V) ion oxidation of anilines in the presence of ligand oxides.
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and 60 min). This study shows that the species mittvalues
183, 274 and 365 are formed during the course of the reac-
tion, corresponding to the dimer, trimer and tetramer of ani-
line, respectively. To account for these spectral observations,
a mechanism for the oligomerization of anilirgcheme B
similar to the electrochemical oxidation is proposed.

Similar ET reaction leading to oligomerization and
dealkylation reaction takes place when oxo(salen)
chromium(V) ion reacts with secondary and tertiary
amines. For the demethylation reaction, the mechanism
shown inScheme $as been proposed.

Contrary to their ET reactions, when the reaction between
oxo(salen)chromium(V) ion and aromatic amines is carried
out in the presence of donor ligands like pyridiNeoxide,
triphenylphosphine oxide, oxygenation reaction takes place
leading to the formation of correspondihgoxides. To ac-
count for this, a mechanism shown $theme 1(has been
proposed.

As far as we know, this seems to be the first report re-
garding the change of course of reaction on the metal-salen
catalysed oxidation when the reaction is carried out in the
presence of ligand oxides. To get more details on this reac-
tion, product distribution work is in progress.

5.2. Cobalt

Co(ll)—salen complexe&(i —h) (Fig. 10 catalyse the ox-
idation of anilines withtert-butyl hydroperoxide to give ni-
trobenzenesd) and 4-{ert-butylperoxy)-2,5-cyclohexadien-
1-imine derivatives) in yield distributions depending on the
substitution mode of the substrate (E4j7)) [107]. 4-Alkyl-
and 4-aryl-2,6-ditert-butylanilines gave mixtures @& and

o

XIa; X=Y=H
XIb; X=H, Y=#Bu
XIc¢, X=¢Bu, Y=H

(a) XId; X =#-Bu, Y = OMe

[
XIf;R = Me—(lj—(lj—Me
Me Me

ser = GO
(b)

Fig. 10. (a and b) Cobalt—salen complexes.

the nature of the salen ligaftl08]. Kinetic studies showed
that the rate-determining step may involve hydrogen abstrac-
tion from aniline moiety, presumably kgrt-butoxy radical
generated from homolytic decomposition of initially formed

9, where the higher the bulkiness of the 4-substitiuent, the C0" (salen)(OOt-Bu). A precursor @ is found to be the

higher the yield of8. With 2,4,6-trimethylaniline, the ratio
of the nitrogen and C-4 atoms was almost the same: but a

nitrosobenzene derivativ&¢heme 1)L

hydrolysed product 1 of the imine is obtained.

NH, NO,
R? R? R? R?
1-BuOOH/Co(salen) .
CICH,CH,CI, 24 °C
R’ R' R
7 9
NH, NH o e
RZ R2 Me Me Me
|
R® R®
e md OOBu-t o
o)
7 10 11 12

Rj, R; and R3 = alkyl

2,4,6-Riphenylaniline gave onB: Nitrobenzene derivatives
are also obtained from 2,6-dialkylanilines and 4-substituted
anilines. The catalytic activity of Co(ll)-salenion depends on

OOBu-t

Me

17)
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Col(salen) + -BUOOH ———— Co'(salen)(OH) + #-BuO’ (18)
Co(salen)(OH) +#-BuOOH —— Co(salen)(OOBu-1) + H,O (19)
Co(salen)(OOBu-f) ——— Coll(salen) + ~BuOO" (20)
+-BuOO" — -BuO" + 120, @D
NH’
R1 R1
7+ tBuO —— = + +-BuOH
R? (22)
Ho /OOBut NO
R1 R1 Bu-t
13 + +BuOO —— —_— + -BuOH
(23)
Bu-t
15
oL N O0B
15+ +Bu00 — » ——>  § +£BuO
(24)

13 + +BuOO’ ———» 9 (25)

Scheme 11. Mechanism for cobalt—salen catalysed oxidation of anilines in the preseentéufyl hydroperoxide as proposed by Rieker and co-workers
[107].

5.3. Manganese development of novel catalyst structures. These examples
demonstrate how highly effective catalysts can be identified
Goti and co-workers[109] have reported the oxida- usingasingle ligand framework. Though the synthesis of chi-
tion of N,N-disubstituted hydroxylamines to nitrones catal- ral sulfoxides andN-oxides is yet to be established in most
ysed by Jacobsen catalyst and this reaction occurs cleanlyof the metal-salen complexes, it is important to regard these
in the presence of $D,, NaOCI or PhlO as the sto- ligand structures as useful platforms for the discovery of new
ichiometric oxidant. mese3,4-cis-Isopropylidenedioxy-1- catalysts and reactiof$10].
hydroxypyrrolidine gave the corresponding protected 3,4-  Atthis stage, we would like to make the following recom-
cis-dihydoxypyrrolineN-oxide in an enantioenriched fashion mendations on the most suitable catalysts for the oxygenation
up to 36% ee. of organic sulfur and nitrogen compounds. The metal-salen
complexes of Mn and Cr catalyse the oxidation of organic
sulfides to sulfoxides selectively and efficiently by an oxy-
6. Concluding remarks gen atom transfer mechanism. Regarding the role of ligand
oxides, Cr—salen complexes need special mention because

From the details presented above, it can be realized thatthe reactivity of oxo(salen)chromium(V) ion is largely af-
salen ligands have served as useful starting points for thefected by ligand oxides. For the synthesis of N-oxides from
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the aromatic amines, the oxo(salen)chromium(V) ion in the

presence of ligand oxides seems to be the most suitable sys-

tem.
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